In this paper, titanium powders from various sources were characterized to compare powder integrity for additive manufacturing by selective laser melting process. Selective laser melting by powder-bed based Additive Manufacturing (AM) is an advanced manufacturing process that bonds successive layers of powder by laser melting to facilitate the creation of engineering components. This manufacturing approach facilitates the production of components with high geometrical complexity that would otherwise be impossible to create through conventional manufacturing processes. Although the use of powder in AM is quite common, powder production and optimization of powder properties to yield desired performance characteristics has posed a serious challenge to researchers. It is therefore critical that powder properties be studied and controlled to ensure reliability and repeatability of the components that are produced. Typically, the desired feature of high quality titanium metal powders for AM are a combination of high sphericity, density and flowability. Scanning electron microscopy, EDS, particle size distribution and powder rheology were extensively performed to investigate the properties of gas-atomized Ti-6Al-4V powders.
Introduction
The use of powder in additive manufacturing (AM) is quite common, however, optimization of powder properties to yield desired performance characteristics has posed a serious challenge to researchers [1] [2] [3] [4] [5] . In order to optimize the additive manufacturing process and be able to manufacture parts that fulfil required properties, it is important to analyze the impact of the initial powder properties and process parameters on the final 3D printed component characteristics. Although many studies have been conducted in this regard, a lack of understanding regarding the effects of initial powder characteristics on the properties of built parts still exists.
The powder characterization methods in AM are can be separated into three categories: particle morphology, particle chemistry, and particle microstructure which are all important when selecting and/or optimizing a powder for any given process. Particle morphology refers to the size, shape, and surface roughness of particles. In AM, all of these powder characteristics play a significant role in powder performance including flowability and packing efficiency. The properties of the powder used for metal-based additive manufacturing, as well as the properties of the resulting bulk metal material, is a necessary condition for industry to be able to select the powder and produce consistent parts with known predictable properties [2] .
The powder atomization production methods currently account for more than half of all the world's commercial metal powders. Powder atomization involves the interaction of the stream of molten metal with liquid or gas jets. Metal powders for additive processes are however typically made through processes such as, water atomization, vacuum induction melting gas automation (VIM-GA), electrode induction meting gas atomization (EIGA) and plasma atomization (PA). The liquid or water atomization process however are not suitable for reactive metals like titanium hence it's mostly used for unreactive materials such as steels producing irregular shaped particles.
Gas atomized (GA) powders are the most commonly used raw materials for the additive manufacturing of metal parts [2] . The feedstock material is melted in a crucible by heat generated with induction or a gas furnace and the molten metal stream is forced through a nozzle by gravitation or with the aid of moderate gas pressure [6] . A vacuum induction melting furnace is installed directly above the atomisation chamber for the molten stream of liquid metal to enter the atomisation chamber directly from the furnace. It is however not possible to have complete control over the particle size of as-atomised powder, as observed by Dawes et al. [6] , the particle size distribution can be influenced by varying the ratio of the gas to the melt flow rate. At higher gas flow rates, more particles collide and the atomization zone induces the formation of satellites. These satellite formation involve both the coarse and fine particles under turbulent atomization conditions to interact with each other [7] , which affects good flowability and is difficult to avoid in GA techniques.
The characteristics of powder particles as well as the type of alloy have an important impact on phase transformations during the heating/cooling steps of the selective laser melting (SLM) technology and they determine the properties of the fabricated parts. Based on the GA technology, new prospects for microstructure property variations, functionally graded materials and composite materials creation, as well as final porosity control are possible [8] . The powder morphology is typically the most studied in AM when initial input material characteristics are correlated to the manufactured component properties.
In this research, two commercial Ti-6Al-4V powders produced by GA will be investigated for particle size, shape and rheology. The aim is to demonstrate and compare the metal powder properties of the raw materials used for additive manufacturing.
Materials & Methods
The desired feedstock powder was defined by the elemental specifications (see Table 1 ) for the Ti6Al4V alloys applicable to the aerospace industry. The powders were characterized as received with no modification and they are denoted Powder A and Powder B in this study. The powders were characterized using the JEOL scanning electron microscope equipped with an EDS detector. Particle size analysis was conducted with a Bluewave Microtrac laser diffraction particle size analyzer and the particle shape was analysed using an AnaTech photo optical image analyzer. The standards for the methods applied was ASTM B822 for particle size distribution of metal powders by Light Scattering. The FT4 powder rheometer (Freeman Technology Ltd., Tewkesbury, UK) was used to characterize powders applying the 25 mm shear test for the standard program with pre-consolidation level of 9 kPa. Figure 1 and 2 . The surface and internal porosity in powders are undesirable characteristic that affect the degree of porosity on the SLM built components. This is greatly influenced by the chosen manufacturing method. Porosity has been identified as one of the limitations caused by entrapped gas inside the particle especially during gas atomization processes [9] .
Results and Discussions
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Powder A contained larger and evenly distributed in size with a mean particle size of 44 µm, whereas Powder B showed higher amounts of finer satellite particles agglomerated to larger particles and a mean particle size of 42 µm. The common practice is to describe a powder with two curves; distribution and cumulative distribution shown in Figure 2 . The cumulative curve is often focused at three diameters corresponding to 10% (D 10 ), 50% (D 50 ) and 90% (D 90 ) of the cumulative distribution, where D 50 represents the median values. The distribution width or span is calculated as: ℎ = 90 − 10 50 (1)
In Figure 3 (a & b) the variation in particle size distribution shows that Powder A displayed a narrow size distribution with an average span of 0.641 while Powder B had a wider width of about 0.941. The cumulative plots of the two powders are presented in Figure 3 . The summary of the particle size distribution and the spherocity measurements for the powders is also shown in Table 2 . In powder-based manufacturing process, the determination of particle shape and size distribution is essential since these powder characteristics have a large effect on the properties of the parts built including the mechanical strength, porosity, and surface finish. The particle size will affect the powders ability for flow, spread, and packing of the process layer thickness. The desired layer thickness serves as a limit to the maximum powder particle size specified for SLM process [10] . According to the particle size distribution obtained in Table 2 , the suitable layer thickness for maximum density should be 60 µm. The results from the compressibility tests at 9 kPa for the remaining normal stresses are also included in Table 2 . The results show that Powder A has a slightly larger apparent density of 4.413 g/ml compared to 4.405 g/ml for Powder B, which indicates a better ability to freely pack a defined volume using Powder A. The bulk densities shows a lower value when compared to the apparent density. When measuring the bulk density, the air pockets are possibly removed and the powder is homogenized. In the SLM process the apparent density is a better indication of the powder's behavior during processing as these powders showed an apparent density similar to the expected part density of approximately 4.41 g/ml, due to the loose packing methods during the scrapping process [10] . 
Powder Rheology
The shear test measures the stress is needed for the powder particles to move relative to one another as a function of the applied normal stress. The data points are then plotted in a two-dimensional coordinate system with points that are defined by the applied normal stress and the corresponding shear stress as illustrated in Figure 3 . The line passing through the points is the yield locus, which is the basis of the parameters obtained during the shear test as tabulated in Table 3 . The obtained data was analysed and interpreted in the same way as data from the Jenike shear tester [9] . The measured shear test parameters include: (a) the unconfined yield stress (UYS), the stress causing consolidated solids to move, (b) the major principal stress (MPS), the highest normal stresses acting during a steady state flow, and (c) the Jenike's flow friction (FF) which is obtained by dividing MPS with UYT as presented in equation 2 [9] .
The results in Table 3 show average values in bold based on three replicates per Powder. The UYS is relatively small, below 1kPa, meaning only a small force is needed to make the bulk solids flow. The general rule is that the flow function has to be greater than 10 for free flowing powder, and the larger the flow function, the better the bulk solid flow. The results gave FF < 10, with the fiction flow obtained for Powder B was double that of Powder A, meaning that Powder B would flow better than Powder A. 
Conclusion
The identified differences in the particle morphology of the two Powders suggest that Powder A will perform most effectively in AM processes. However, to understand clearly the potential impact of the differences, and/or detect further differences that may influence process performance, it was necessary to measure relevant bulk powder properties such as flowability and bulk density in relation to selective laser melting of parts. The powder characteristics that would indicate a powder of high quality for laser metal deposition are: highly spherical particles, fine surfaces, few satellites, narrow size distribution, low internal porosity, few surface pores and low oxygen content. This research has investigated few of these characteristics and further studies will include investigating the presence of porous structures if any in the powders as well as the oxygen gains during processing.
